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An  electromagnetic  actuator  was  configured,  designed  and  constructed,  as  a 
direct  replacement  for  the  PZT  devices  now  being  used  in  deformable  mirrors. 
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matching  amplifier  so  that  it  can  readily  interface  into  existing  equipment.  A 
magnetic  circuit  of  Hyperco-50  iron,  two  BeCu  flexures,  and  a  tungsten  push  rod 
are  used  to  construct  an  actuator  with  the  required  characteristics.  Two 
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described.  During  the  program,  the  device  was  assembled  and  tested,  and 
when  several  structural  shortcomings  were  observed,  the  push  rod  threads 
were  reworked  to  provide  additional  Integrity. 

The  actuator  test  results  are  described  including  test  results  on  both 
amplifiers.  These  test  results  show  that  the  device  performance  was  as  per 
initial  predictions  until  the  device  was  installed  in  the  test  cell  and  the 
full  output  force  was  placed  on  the  push  rod.  Performance  then  deteriorated 
as  the  threads  degraded. 

Test  results  after  the  thread  rework  indicated  that  the  device  is  capable 
of  stated  performance. 
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Conversion  factors  for  U.S.  customary 
to  metric  (SI)  units  of  measurement. 

(Symbols  of  SI  units  given  in  parentheses) 


To  convert  fro* 

to 

Multiply  bv 

tnfstrtMi 

Meters  {m) 

1.000  000  X  £  -10 

ttMospher*  ( normal ) 

kilo  pascal  (kPa) 

1.013  25  X  E  *2 

bar 

kilo  pascal  (kPe) 

1.000  000  *  E  *2 

barn 

Miter’  (m’) 

1.000  000  *  £  -28 

Iritish  thtnaal  unit 
(themoche*1cal ) 

joule  (J) 

1.054  350  X  £  *3 

calorla  (thenuocheailcal) 

joule  (J) 

4.184  000 

cal  (thenaocheMical J/cm1 

Megs  Joule/*’  (MJ/«* ) 

4. 184  000  X  E  -2 

curia 

gigs  becquerel  (GBq)* 

3.700  000  *  E  *1 

degree  (angle) 

re 41  an  (rad) 

1.745  329  *  £  *2 

degree  Fahrenheit 

degree  kelvin  (X)  tK 

■(t.F  ♦  459. 67J/1.8 

•ltctron  volt 

joule  (J) 

1.602  19  4  £  -19 

erg 

joule  (J) 

1.000  000  X  £  -7 

crg/sacond 

watt  (w) 

1.000  000  X  E  -7 

foot 

aeter  (m) 

3.048  000  X  E  -1 

foot-pound- force 

joule  (J) 

1.355  818 

gallon  (U.S.  liquid) 

■oter*  <m') 

3.785  412  X  E  -3 

inch 

Meter  (m) 

2.540  000  X  E  -2 

Jerk 

joule  (J) 

1.000  000  X  E  *9 

Joule/kilogra*  (J/kg)(red1at1on 
dose  absorbed) 

6r,y  (tip)** 

1.000  000 

kilotons 

terajoulet 

4.183 

kip  (1000  lbf) 

newton  (N) 

4.448  222  X  E  *3 

kip/inch1  (ksi) 

kilo  pascal  (kPa) 

6.894  757  X  E  *3 

ktap 

newton-sernnd/M1  (N-s/m*) 

1.000  000  X  E  *2 

Micron 

Meter  (m) 

1.000  000  X  E  -6 

Mil 

Meter  (*) 

2.540  000  X  E  -5 

Mile  (international) 

Meter  (m) 

1.609  344  X  E  *3 

ounce 

kilogreM  (kg) 

2.834  952  X  E  -2 

pound- force  (lbf  avoirdupois) 

newton  (M) 

4.448  222 

pound-force  inch 

newton  Hotter  («•■) 

1.129  848  X  E  -1 

pouid- force/inch 

newt on/ne ter  (N/n) 

1.751  268  X  E  *2 

pound-force/foot 

kilo  pascal  (kPa) 

4.788  026  X  E  -2 

pound-force/inch ’  (psl) 

kilo  pascal  (kPa) 

6.894  757 

pound-Milt  (lb*  avoirdupois ) 

kllogran  (kg) 

4.535  924  X  E  -1 

pound-*ast-foot! 

(*o*ent  of  inertial 

kilograM-Mcter'  (kg-n*) 

4.214  011  X  E  -2 

pound- «Mts/foot ' 

kllograM/Meter*  (kg/n*) 

1.601  846  X  E  ♦) 

rad  (radiation  dose  absorbed) 

«ray  (6y)« 

1.000  000  X  E  -2 

roont9tn 

coulonb/ki logran  (C/kg) 

2.579  760  X  E  -4 

shake 

aecond  (s) 

1.000  000  X  E  -8 

slug 

kilogreM  (kg) 

1.459  390  X  E  «1 

torr  (a*  Mg,  0*  C) 

kilo  pascal  (kPa) 

1.333  22  X  E  -1 

* The  becquerel  (Bq)  Is  the  SI  unit  of  radioactivity;  1  Bq  =  1  event/s. 
**The  Cray  (Cy)  is  the  SI  unit  of  absorbed  radiation. 

A  more  complete  listing  of  conversions  may  be  found  in  "Standard  for  Metric 
Practice,",  American  Society  for  Testing  and  Materials,  ASTMK-  180- 76C . 
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I.  OPTIMIZATION  STUDY 


1.1  STATKMKNT  ('1  i'ROBI.FM 

In  a  typif.il  deformab 1 e  mirror  application,  the  mirror  surface  figure  is 
controlled  by  a  servo  loop,  and  must  be  distorted  or  adjusted  in  response  to  an 
external  command.  The  actuator  must  generally  move  the  surface  of  the  mirror 
on  the  order  of  two  to  three  wavelengths.  Force  requirements  are  on  the  order 
of  10  to  100  pounds.  Resolution  requirements  vary  with  the  specific  applica¬ 
tion,  with  a  resolution  of  several  millionths  of  an  inch  considered  to  he  quite 
.  ood . 

The  electromagnetic  actuator  should  he  responsive  to  these  requirements, 
and  provide  low  hysteresis,  low  power  consumption,  and  the  potential  lor  a 
longer  stroke,  if  required. 

l.d  CHARACTERISTICS  OF  F.I  FCTROMAdNFT  I  C  ACTUATORS 

It  lias  been  suggested  that  actuators  can  be  constructed  using  magnetic 
tractive  force  as  the  generating  mechanism.  These  tractive  force  actuators  can 
be  configured  to  be  capable  of  high  forces  over  reason  ble  strokes.  The  tech¬ 
nology  which  is  utilized  in  these  devices  has  been  refined  over  a  number  of 
years,  and  is  well  understood.  The  technical  issues  which  are  involved  are  all 
related  to  several  new  magnetic  materials  and  to  the  fabrication  and  handling  oj 
these  materials,  as  well  as  to  the  fabrication  ol  very  precise  beryllium-copper 
f  1  exures . 

Basically,  the  device  which  is  being  configured  under  this  program  consists 
of  a  cup  magnet  assembly  and  an  armature  suspended  from  a  spring  mechanism.  1  i . . 

characteristics  of  the  device  will  be  determined  by  its  construction  and  tin. 
properties  of  the  materials  which  are  to  he  utilized. 

A  schematic  ol  the  device  is  shown  in  Figure.-  I.  The  drive  coil  induces 
magnetic  flux  in  tin  center  pole  piece,  and  tin  flux  (lows  through  the.-  armature 
and  returns  through  the  ritn.  When  magnetic  I  1  u>:  is  induced  across  a  gap,  l  In- 
two  pieces  of  metal  are  attracted.  Ibis  tractive  torre  is  given  by: 

.’  -h 
AB  x  10 

i  r.Tn  *  ’  * n 

where  1  ~  fore  e  in  pounds 

A  r  Kurtuee  area  in  rm~ 

It  -  flux  density  in  lines/im’ 


t. 

1 


and,  the  flux  density  is  a  function  of  gap  length,  and  is  given  by: 

R  1.2b  N1  (2) 

B  =  — R— 

where:  N  =  No.  of  turns  on  coil 

1  =  drive  current  in  amperes 
R  =  gap  1  eng tli  in  cm 

The  de/ice  is  round,  with  a  thin  outer  rim  and  a  round  tenter  pole  piece. 

This  form  factor  has  been  chosen  to  ensure  that  the  electromagnetic  traction 
motor  will  be  compatible  with  existing  hardware. 

1.1  PES I  (IN  CONSIDERATIONS 

The  performance  of  a  traction  motor  can  be  calculated  using  the  two  basic 
magnetic  circuit  design  Equations  i  and  2.  Conversely,  a  device  can  be  tain- 
figured  using  the  same  basic  equations.  In  an  actual  design,  there  are  several 
additional  factors  which  must  be  considered  in  order  to  account  for  non- ideal 
behavior,  and  for  material  anomalies.  The  basic  equations  assume  that  ail  flux 
in  the  magnetic  circuit  passes  straight  through  the  air  gap,  through  the  armature, 
and  through  the  rim  and  center  pole.  This  is  approximately  true  for  very  small 
air  gaps,  where  the  reluctance  of  the  gap  is  low,  and  fringing  of  the  field  in 
the  gap  is  small.  As  the  initial  gap  increases,  because  of  longer  stroke  require¬ 
ments,  the  reluctance  of  the  gap  increases  correspondingly,  and  part  of  the  flux 
tends  to  leak  between  the  center  post  and  the  outside  rim.  In  addition,  fringing 
begins  to  occur,  and  the  flux  lines  do  not  cross  the  gap  perpendicular  to  the 
surface  of  the  gap.  Because  of  these  phenomena,  it  is  necessary  to  apply  a 
correction  factor  which  is  a  function  of  the  device  size  and  geometry.  The 
determination  of  some  appropriate  correction  factors  has  been  made  by  employing 
a  vector  magnetic  field  simulation  to  calculate  exact  device  performance,  and 
comparing  this  performance  to  calculated  ideal  performance  and  to  experimental 
results.  ihi.s  simulation  was  done  under  a  previous  pri  gram. 

In  order  to  complete  the  design  of  the  traction  motor  actuator,  tin  correct,  ion 
factor  is  estimated  from  the  device  geometry,  and  entered  into  the  basic  equations 
as  a  force  multiplier.  The  maximum  flux  density,  which  is  a  function  of  the 
material  used  In  the  magnetic  circuit,  and  the  corrected  peak  force  are  combined 
to  determine  the  necessary  tractive  area.  The  total  force  is  the  sum  of  the 
force  exerted  by  the  center  pole  and  by  the  outer  rim.  For  a  given  total  area, 
maximum  force  Is  realized  when  the  center  post  area  is  exactly  equal  to  the  rim 
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Figure  1.  Schematic  of  Electromagnet ie  Actuator 

area.  Next,  the  coil  and  drive  requirements  are  determined  by  using  Equation 
As  a  rule,  the  more  wire  that  is  used,  tin-  lower  the  overall  power  dissipation 
will  be.  However,  as  the  amount  of  wire  is  increased,  tile  size  ol  the  actuator 
increases.  The  final  current  requirements  are  determined  from  the  maximum  flu 
density,  number  ot  turns,  and  the  initial  gap. 

I.  3-1  MAGNETIC  (IKCl’IT  CHARACTERISTICS 

Since  the  tor.e  between  the  armature  and  the  base  is  proportional  '  '  the 
square  of  the  ‘.lux  density,  it  is  necessary  to  maximize  the  flux  detisit"  wit  i  •  i. 
can  be  generated  across  the  gap.  There  are  alloys  which  are  formulated  t.  cut 
high  t  1  ux.  densities  and  ma  intaln  high  pc  rmeab  i  1  i  t  i  es  .  The  properties  ot  tins, 
alloys  are  generally  est  ah  1  i  shed  not  onlv  bv  their  composition  and  Mini!  a  tur.  , 
but  by  the  application  '<)  a  verv  pn-<  iso  heat  treat  ing  process  whi<h  '  s  applied 
after  the  material  is  machined  to  shape.  As  a  general  rule,  the  better  t tie 


magnetic  properties  of  an  alloy,  the  harder  it  is  to  machine  and  tread.  Addi¬ 
tionally,  the  alloys  generally  have  poor  structural  properties,  and  the  confi¬ 
guration  usually  must  contain  a  support  structure.  A  number  of  the  specialty 
magnetic  alloys  which  are  manufactured  have  been  evaluated  at  Perk  in-Elmer . 

When  the  various  desired  properties  -  saturation  flux  density,  permeability, 
magnetic  hysteresis,  and  machinability  -  are  traded  off,  the  choice  is  narrowed 
down  considerably.  For  instance,  several  of  the  alloy’s  are  formulated  to  be 
free  machining,  but  can  support  only  about  12,000  gauss.  Several  alloys  have 
very  high  permeabilities,  but  are  also  limited  by  a  low  flux  density  capabi 1 : t  y . 
For  this  application,  the  design  requirements  of  high  force  and  small  volume 
d J ■  rate  a  very  nigh  flux  density,  and  since  the  gap  is  significant,  tin  permea¬ 
bility  is  not  critical,  since  the  total  path  reluctance  is  determined  by  the  gap. 

The  alloy  which  has  been  chosen  as  most  suitable  for  this  application  is 
Hyperco-50,  a  soft  iron  manufactured  b/  Carpenter  Steel  Corporation.  Hyperco-b''/ 
is  available  in  billets,  and  can  be  machined  into  the  desired  form  factor.  The 
techniques  for  machining  and  subsequently  heat  treating  this  material  in  order 
to  obtain  the  desired  properties  have  been  intensively  studied  at  Perk  in-Elmer , 
and  a  number  of  magnetic  devices  have  previously  been  manufactured  on  a  proto¬ 
type  basis. 

In  order  to  obtain  the  optimum  magnetic  properties,  the  material  must 
first  be  machined  to  form,  and  the  unit  assembled.  The  machining  is  performed 
at  precisely  controlled  feed  rates  and  speeds.  In  its  raw  form  the  material 
tends  to  be  brittle,  and  care  must  be  taken  to  ensure  that  the  tool  does  not 
leave  the  material  after  a  cut  has  been  started.  Additionally,  only  certain 
lubricating  oils  can  be  used  for  the  machining  process,  and  the  material  roust 
be  degreased  immediately  after  machining.  The  material  is  then  heat  treated 
for  a  precise  time  interval  in  a  hydrogen  oven  at  1«25°P,  followed  by  a 
controlled  cooling  cycle.  At  ter  the  material  has  cooled  completely,  the 
distortion  introduced  by  the  heat  treating  is  measured,  and  the  critical  sur¬ 
faces  are  ground  back  to  shape.  The  magnetic  properties  have  been  established 
by  tiv  thermal  history,  and  very  high  « empot  attires  01  mechanical  stress  wj 1 i 
disturb  these  properties. 

Our  experience  with  these  alloys  indicates  that  at  least  21,000  gauss  at 
be  realized  a-->-0.;s  the  gap.  The  device  design  assumes  a  flux  density  oi 
gauss,  and  there  are  several  other  materials  which  are  np.iblc  of  this  level  ,  ,f 
performance.  These  materials  could  be  used  if  an  alternative  were  required. 
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1.3-2  MAGNETIC  CIRCUll  DESIGN 
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A  miction  nn’.or  which  meets  tlio  basi.  parameters  can  be  configured  as 
follows,  where  !  at  force  is  given  by  Equation  1. 

2  -(> 

AB  v  i() 

F  11.8 


I'lie  device  has  been  constructed  from  Carpenter  Steel  Hyperco-50,  and  a 
flux  density  of  at  least  20  kilogauss  should  be  achievable  with  proper  heat 
treating.  The  derivation  of  parameters  will  assume  20  kilogauss  as  a  very 
sale  number.  The  total  gap  area  required  is  therefore: 


( H .8) (100) 

A  00 


2.795cm"’  -  0.4  3  3  in" 


<  i) 


file  total  tractive  area  is  nominally  divided  equally  between  the  enter 
po.  t  and  the  rim.  The  center  pest  will  have  a  1/8  inch  hole  for  the  push  od, 
and  the  OD  is  given  by: 


i  9  fi  /  -J  o 

-  <:oir  -  (1/8)“)  = 

4  2 

OD  =  0.54  in. 


(4) 


Since  the  rim  outer  diameter  will  be  1.0  inch,  the  inner  diameter  is 
given  by: 


(1  .0“ 


11)“) 


0.4  3  3 
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(5) 


!!)  -  0.83  in. 


Allowing  for  a  1  Si'  flux  leakage,  as  indicated  bv  previous  simulation 
results,  tlw  taper  should  he  about  IS'..  1  he  ref  ore ,  the  outer  wall  will  taper 


tram  1.0  inch 

to  1 . 1 S  inch  and  will  he  : 

;  1  ee\ 

’ed  appn 

»pr  i  at  i  1 

v.  i  In¬ 

i  mu*  r 

post 

will  tape  t  ire 

m  0 .  SA  i  nch  to  0 .  t>()  i  n<  h . 

Another  t 

radeolt  to  he  made  is  I  cm 

■,t  h. 

As  t  he 

1  etigt  h 

is  iiK  r 

casi-d  , 

t  Ik- 

flux  leakage  i 

s  increased  a.  cord ing 1 y » 

However,  as 

t  lie  1  engl  h  i  s 

i  nr 

rr-i 

Si-d, 

mere  wire  can 

he  wound,  and  tin  power  d 

issi; 

hit  ion  ci< 

it  r  i'<i  srs 

d i rec t 

1  V 

a  s 

t  ho 

tet.il  am.  uni  t  <  i 

f  copper  increases.  An  initi. 

i  1  i  iivcst  i g.i  t  ion 

wh  i  i  h 

i  s 

par 

t  1  V 

intuitive  indiintes  that  an  optimum  length  is  between  two  and  three  holies, 
this  investigation  is  the  result  of  a  quantitative  look  at  t  lo  device  simulation 
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and  additional  analysis  is  called  for  in  this  area.  This  analysis,  however, 
is  beyond  the  scope  of  this  program.  A  length  of  three  inches  was  chosen. 

In  addition,  there  are  several  geometry  refinements  which  appear  to  be 
appropriate  and  which  were  incorporated.  First,  the  corners  were  rounded 
instead  of  left  sharp.  Second,  the  armature  was  cut  out  so  that  the  face  of 
the  armature  matched  the  base  profiie  at  the  gap.  A  sketch  of  the  cross 
section  of  the  device  is  shown  in  figure  2. 


U>  prrco  -  50 


Figure  2.  Cross  Section  of  Electromagnetic  Actuator 
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1.3-3  SPRING/ FLEXURE  DESIGN 


In  addition  to  the  magnetic  circuit,  the  actuator  iiuorporatfs  a  spring 
configuration  which  has  two  main  purposes.  The  first  is  to  support  the 
armature  or  moving  portion  of  the  actuator  to  the  base.  The  second  is  to 
maintain  a  precisely  controlled  spring  constant.  Again,  machinabi 1 ity  is  an 
issue,  and  the  spring  material  must  have  a  very  low  mechanical  hysteresis  with 
in  the  precision  elastic  limit.  Tensile  strength  should  be  high,  and  Young's 
modulus  very  predictable.  Naturally,  the  materia!  must  be  non-magnet i r  so  as 
not  to  interfere  with  the  operation  of  the  magnetic  circuit. 

The  only  material  which  can  seriously  be  considered  is  beryllium-copper. 

k 

A  study  of  the  various  applicable  alloys  indicates  that  KBI  alloy  173  offers 
the  required  properties.  Alloy  172  comes  in  two  forms  designated  by  manufac¬ 
turers  as  Condition  A  and  Condition  H.  Coin!  i I  ion  A  is  annealed  and  soft, 
permitting  bending  to  shape.  Condition  ii  is  partially  hardened  and  suitable 
for  machining  operations  which  do  not  require  bending.  Both  types  have  the 
same  Young's  modulus  when  heat  treated,  but  the  Condition  II  material  cures  to 
a  higher  tensile  strength. 

The  machining  and  heat  treating  of  these  alloys  are  well  understood.  The 
material  is  first  machined  to  the  desired  form,  heat  treated  in  a  fixture,  and 
the  heat  treatment  is  cheeked  by  measuring  the  hardness  of  the  material.  Mea¬ 
sured  spring  constants  generally  check  with  calculated  values  very  well. 

1.3-4  C011. /DRIVE  AMPLIFIER 

In  order  to  generate  the  magnetic  flux,  the  unit  contains  a  drive  coil 
wound  around  the  center  pole.  This  coil  is  interfaced  with  a  power  amplifier. 
The  designs  for  both  the  coil  and  the  amplifier  tire  very  closely  related.  The 
total  drive  requirement  is  determined  bv  the  wire  area  and  the  current  density 
The  drive  is  spec i t  ied  in  ampere-turns.  The  coil  can  hi’  configured  either 
t rum  a  large  number  ot  turns  of  fine  wire,  or  from  a  lesser  number  of  turns 
ol  heavier  wire.  As  the  number  of  turns  increases,  the  current  decreases, 
but  the  indm  t ance  of  the  coil  increases  as  the  square  of  the  number  of  turns. 
This  subsequently  increases  the  voltage  requirement  of  the  .amplifier. 

!  lie  amplifier  should  bo  a  true  current  amplifier,  that  is,  it  should 
drive  the  coil  with  a  constant  current  proportional  to  the  amplifier  input 
voltage.  The  limitation  on  the  amplifier  design  is  that  suitable  power  t rans- 

*  Kurwacki  Beryllium,  Inc. 
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istors  perform  best  at  output  currents  less  than  8  amperes.  Since  the  drive 
requirements  for  this  unit  are  not  severe,  it  seems  that  a  3-ampere  coil  will 
meet  all  the  salient  performance  requirements  and  will  be  reasonable  to  manu¬ 
facture. 

There  are  two  ways  to  realize  a  device  with  suitable  characteristics. 

The  first  way  is  to  drive  the  actuator  coil  with  an  ordinary  feedback  voltage 
amplifier,  and  to  ground  the  coil  through  a  small,  stable  resistor.  The  re¬ 
sistor  voltage  is  now  proportional  to  the  coil  current,  and  this  voltage  can 
be  used  to  derive  negative  feedback  for  gain  stabilization.  This  technique 
has  the  advantage  that  the  gain  is  extremely  stable  (as  stable  as  the  feedback 
re'istor),  and  the  disadvantage  of  requiring  a  feedback  loop  which  may  tend 
to  be  oscillatory  as  the  coil  inductance  varies  due  to  non-linearities. 

A  second  way  to  construct  a  current  amplifier  is  to  use  a  single  power 
transistor  with  a  large  emitter  resistor  in  the  output  stage,  and  place  the 
actuator  coil  in  series  with  the  collector.  The  collector  current  is  approx¬ 
imately  equal  to  the  emitter  current,  which  is  determined  by  the  base  voltage. 
That  is,  the  impedance  looking  into  the  base  is  equal  to  the  transistor  times 
the  emitter  resistance.  This  can  be  seen  to  be  considerably  simpler  than  the 
first  approach  and  is  the  technique  which  is  generally  used  in  TV  flyback  amp¬ 
lifier  circuits. 

Figure  3  is  a  simplified  schematic  of  an  amplifier  capable  of  supplying 
from  0  to  6  amperes  to  an  electromagnetic  actuator.  The  amplifier  controls 
the  current  through  the  actuator,  and  allows  the  voltage  across  the  actuator 
to  change  by  ±10V  as  necessary.  The  amplifier  gain  will  be  adjusted  so  that 
an  input  range  of  -  10  volts  to  +  10  volts  will  correspond  to  zero  to  full  de- 
f lec  t ion . 

Transistors  Q1  and  Q2  are  connected  in  such  a  manner  that  I  =  »I„,  where 

A  r. 

0.995  '"  u  •'  1.000.  (refer  to  Figure  3).  Thus,  to  a  very  good  approximation. 


l.  =  -(A, 


IN 


+  A, 


VB1AS) 


(b) 


Diode  D1  and  Zener  diode  1)2  protect  Q1  and  Q2  from  damage  if  an  input  that 
causes  I  to  decrease  rapidly  is  applied  to  the  amplifier. 

A 

Q2  and  D2  can  dissipate  as  much  as  40  watts  of  power  at  full  current  out¬ 
put.  A  2  in.  x  4  in.  x  b  in.  convection-cooled  heat  sink  Is  necessary  to  keep 
Q2  and  D2  within  safe  temperature  limits.  The  remaining  components  arc  mounted 
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on  a  3  in.  x  ‘3  in.  circuit  board.  Thu  prototype  amplifier  weighs  ubo  it 
pound,  and  the  goal  for  a  final  design  would  be  several  ounces. 


-  •  .w.  t 


>"• 

,  ■  i  , 


Figure  1.  t.'rivu  Ampliliei  :  i  mj  1  i  f  i  •  t  drhomat  ;  ■ 

1.1-5  I’USH  ROD  ANALYSIS  gjKS  It  IN’ 

The  linkage  between  the  magnetic  actuator  and  tin-  mirror  consist 
an  axial  length  adjustment  assembly,  u  push  rod,  and  a  si  t  ing.  of.  ti.io 
components  the  push  rod  is  most  critical,  warrant  ini)  consideration  of  1 
natural  frequencies  and  buckling  loads.  A  preliminary  sketch  ol  t  he  |t 
device  is  shown  in  Figure  4. 


r 


Figure  4.  Electromagnet i c  Actuator  Conceptual  Drawing 

Three  modes  of  vibration  are  possible:  longitudinal,  torsional,  and 
transverse  (bending).  The  first  two  modes  can  be  eliminated  from  this 
analysis.  The  longitudinal  vibration  has  a  small  amplitude  with  a  high 
natural  frequency  (over  10kHz),  and  torsional  vibration  does  not  signifi¬ 
cantly  affect  performance.  However,  the  transverse  vibration  occurs  at  a 
natural  frequency  close  enough  to  the  operating  frequency  to  require  pro¬ 
vision  in  the  design  to  avoid  resonance  problems. 

The  push  rod  was  considered  as  a  "clamped-hi nged "  beam  (Figure  5) 
for  which  the  following  formula  for  transverse  vibration  is  applicable. 
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where 

f  =  Natural  frequency 
n 

El  =  Bending  stiffness  of  the  section 
=  Length  of  the  beam 

U  =  Mass  per  unit  length 


Actuator 

Load 


Figure  S.  Mechanical  Mode!  <  t  Su'd  kou 


When  slender  members  are  loader!  in  -ompress ion ,  they  tend  to  buckle  and 

experience  significant  lateral  deflections  that  are  functions  of  the  applied 

loads.  Computations  wore  performed  using  empirical  column  data  for  vnii  .;s 

values  of  push  rod  diameter  and  modulus  of  elasticity.  The  same  ranges  ot 

diameter  and  modulus  of  elasticity  were  applied  in  computations  ot  natural 

frequency.  The  results  of  these  computations  for  '-y  1  i  rid  r  1  <;a  1  sect  jot,,  push 

rods  are  presented  in  Figure  6.  Three  maior  design  requirements  cat.  be 

identified;  the  rod  must  be  non-magnet i e ,  the  natural  f  t  eguen--y  must  ox< . . 

1400  Hz,  and  the  allowable  compressive  working  load  mus*  ey  •«•<•«!  Ho  pounc-' . 

There  are  numerous  alternatives  for  the  push  rod  design.  For  exam) ■  I <  ,  a 
f,  2 

brass  (E  -  20  x  10  Ibf/in.  )  rod  with  a  diameter  of  0.135  in.  could  be 
employed.  However,  it  is  advantageous  for  t  ho  rod  to  b'>  thin.  '"onsc  juoi.t  i  v , 
a  design  s'  rdy  will  select  a  suil.iblo  mat*  rial  and  }  erhaj  •  a  per,-  •  }  i  ri.it  i- 
cal  cross  section. 


1  ■ 


l  ! 


I 
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Figure  6.  Push  Rod  Allowable  Load  arid  Natural  Frequency 
1.4  DEVICE  NONLINEARITIES 

One  of  the  salient  characteristics  of  this  type  of  device  is  that  the 
force  is  proportional  to  the  flux  density  squared,  and  therefore  to  current 
squared.  This  is  made  even  more  severe  when  it  is  noted  that  the  force  is 
also  inversely  proportional  to  the  gap,  and  therefore,  if  the  total  stroke 
is  not  insignificant  with  respect  to  the  gap,  the  force  may  be  proportional 
to  an  even  higher  power  of  the  drive  current . 

There  are  several  factors  which  tend  to  moderate  the  effects  of  this 
nonlinearity.  In  actual  practice,  the  permeability  of  the  magnetic  material 
decreases  as  the  flux  density  increases,  and  it  is  possible  to  configure  a 
■init  so  that  the  permeability  variation  compensates  for  the  squarinq  factor. 
That  is,  the  flux  density  becomes  proportional  to  the  square  root  of  the 
drive  current,  in  the  operating  regions  of  interest.  In  actual  practice, 
we  have  j lotted  very  nearly  linear  force  vs.  current  characteristics  with 
linear  spring.  The  nonlinearity  due  to  a  large  stroke  should  not  exist  , 
since,  for  the  levi-o  bring  ■<  r.s  i  doped ,  the  et  rok<-  will  be  small  compared  » <> 
the  init  ia  1  gaj  . 

in 
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A  further  rot sidorut ion  is  the  inherent  ir.stabi  1  it y  of  the  devt 
For  a  linear  spring/f  lexurc*  constant,  us  t .tie  cunent  is  increased,  t  lie  tor  ■ 
pulls  the  arm,:  ure  '  loser  to  the  pole  structure.  This  situation  become- 
analogous  to  moving  a  permanent  magnet  closer  and  closer  to  a  piece  of  i >  . 

At  the  critical  position,  the  iron  suddenly  jumps  to  the  magnet.  lor  u i 
actuator,  there  is  a  critical  value  of  cur  init  at  wh  i  t  ti  the  armature  is 
pulled  to  the  pole.  In  the  solution  of  the  tw<  equat  ions  which  govern  t  :,>• 
behavior  of  the  device,  this  is  the  point  at  which  less  current  is  reg  :  i  t  *••! 
to  maintain  a  greater  deflection.  We  have  genet  at  eJ  a  .  imulution  to  j  *  •  -  c :  i  •  - 1 
this  behavior  as  a  function  of  coil  parameters,  ring  def  le<-t  i---t  par.umet  e.  , 
initial  gap,  device  geometry,  and  drive  current  .  :  in-  r  esulr  of  runs 

which  wo  have  made,  on  devices  very  similar  to  t  ni  •  device,  is  '  nat  tin- 
instability  occurs  at  a  deflection  of  about  1  V  <>t  •  in-  init  ia!  lai  .  1  ’  i  :• 

possible  to  adjust  the  initial  gap  so  that  this  phenomenon  will  not  i 

problem.  A  stop  is  installed  in  order  to  prevent  an  unstable  -one!  it  ion  *  i  i-m 
occurring  and  damaging  the  spring  or  the  deformable  mi: tot  . 

1.5  THERMAL  CONSIDERATIONS 

One  of  the  critical  factors  to  be  considered  i  s  the  thermal  ext  an- 1  • 
of  the  actuator  due  both  to  heat  generated  in  the  roil  an  :  i  <  <-.i  iy  '  .t 

in  the  maqnetic  circuit.  The  effects  of  thermal  expansion  are  mi  *  :uat by 
the  fact  that  the  maqnetic  circuit  expands  it,  one  direct  ion,  and  the  |  ;si. 
rod  expands  in  the  opposite  direction.  Ideal  ly,  the  push  rod  should  inv¬ 
ar.  expansion  coefficient  equal  to  that  of  Hyperco-IO  (about  h  x  b  m  it,  !■  : 

The  one  material  that  stands  out  as  having  a  high  I  and  the  right  expansion 
coefficient,  is  buyllium.  Unfortunately,  beryllium  -annot  be  i  out  i  t,e  I  y 
mu-"hin‘  1  due  to  » ox  i  •  •  1 1  y  -onsi  lerat  ions,  and  it  a  (  ush  t  on  were  fabi  i  -at.-i, 
it  would  not  be  possible  to  make  any  r.  guit'-d  ad  nirtment  •  o  the  dimension- 
in-house.  Therefore,  th<-  initial  push  tod  wa-  fabr  i-sit  f  i  om  t  ut.gs*  ft: 
whi-'h  has  a  m,  lower  expat. men  coefi  irietit  .  Beryl  1 1  uni  is  ros.sideted  as 
suitable  for  a  later  effort,  after  the  more  basic  design  eonsiderat ions  have 
been  resolved.  (A  second  push  rod  was  fabricated  from  stainless  steel,  ,,f  »••> 
the  tungsten  t  xl  cracked  due  to  brittleness. 
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PEAK  DISPLACEMENT  CONSIDERATIONS 


The  maximum  allowable  displacement  is  a  function  of  the  spring  mecha¬ 
nism  and  the  initial  air  gap  between  the  base  and  the  armature.  For  the 
peak-to-peak  motion  of  31.8pm,  the  spring  is  essentially  linear,  and  the 
devices  of  this  type  have  been  found  to  be  unstable  for  displacements  of 
about  1/2  of  the  initial  gap.  Since  the  power  requirements  will  increase  as 
the  square  of  the  gap,  it  is  desirable  to  keep  the  initial  gap  as  small  at. 
possible.  The  gap  will  be  set  at  about  0.001  in.  =  7.62  x  10  ^cm.  The  qap 
is  Initially  adjusted  to  be  uniform  with  a  toolmaker's  microscope,  and  can  be 
; t  t.o  within  +10%.  The  maximum  displacement  will  be  set  by  fastening  metal 
stops  in  the  gap. 

1.7  ACTUATOR  RESONANCES  AND  NATURAL  FREQUENCY 

There  are  two  mechanical  resonances  of  interest.  The  first  is  the 
resonance  due  to  the  armature  on  the  spring.  This  resonance  is  given  by 


where  K  =  spring  constant  (lb/ft) 

M  =  mass  (slugs] 

For  a  typical  spring  on  the  device  pictured  in  Figure  5,  we  have  measured  a 
displacement  of  0.0015  inch  for  a  force  of  81  pounds.  Therefore: 

K  =  --j I"1  -  6.64  x  1  o'’  lb/ft  (9) 

The  mass  of  the  armature  is 


0.  26m 


1 


x  o..'H5  lb/ i  n  * 

hi 


--  2.  12  x  10 


s  1  uq 


(l'l) 


and :  f  -  2 , 69  1  Hz  (11) 

Thi  <-  may  be  lowered  sliqhtly  by  the  mast:  of  the  push  rod.  The  second  reso¬ 
nance  is  caused  by  the  transverse  vibration  of  t  hr  Push  tod.  The  push  tod 
will  be  '.I  in  'h  diameter,  and  will  b"  made  of  a  tungsten  alloy  with  E 
1x1  .  1 1  :,t:i  he  seen,  from  Figure  6,  f  hat  the  natural  frequency  t  (,«• 
rod  is  greater  that,  2.8  kHz.  We  do  not  envision  any  pt<  »1>  i « -ms  iTi  rTp'f**  i  !;*}  *  !. 
866  Hz  resrnance  limitation  requirement. 
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II.  FABRICATION 

2.1  MACHINING  PROCESSES 

The  pieces  of  the  actuator  were  fabricated  as  per  drawinqs  687-2064  to 
687-2071  which  ate  included  as  Appendix  A.  The  machining  procedures  used  art 
as  follows: 

1.  Post-Center  (687-2064: 

The  center  post  was  turned  to  form  from  Carpenter  Steel  Hyperco-50. 

2.  Cap  (687-2065) 

The  cap  was  turned  and  threaded  from  i'll  stainless  steel . 

1.  Case  (687-2066) 

The  case  is  designed  to  fit  over  the  base  and  is  turner,  from  stuinlt 

steel.  It  is  fastened  to  the  base  with  boctite  )5  retaining  compound . 

4.  Post  -  Threaded  (687-2067) 

The  post  is  configured  to  mate  the  actuator  test  cell.  It,  also,  is 
machined  from  .101  stainless  steel,  and  the  threads  are  turned  or.  a  loth. 
It  is  fastened  to  the  base  with  boctite  35. 

5.  Nut  -  Differential  Adjust  (687-2068) 

The  differential  nut  is  turned  from  t03  stainless  steel .  The  met n  an; 
American  Standard  Threads  are  accomplished  by  changing  the  bach  gears  r: 
the  lathe. 

6.  Armature  (687-2069) 

The  armature  is  turned  from  Hyi  orco-5' >,  and  is  configured  to  match  t  }>>■ 
center  pin. 

7.  Flexure  (687-2070) 

The  spring  flexure  is  machined  from  HeCg  -  Alloy  172,  and  subsequently 
annealed . 

8.  Spring  (667-2071) 

The  spiinq  is  mu’d.ined  In*  IW'il  -  Alloy  17.'  and  annealed.  The  thi-’k- 
nesft  was  select  ei  experiment  ul  ly ,  and  is  u.  027  undies. 

Base  (687-. ■•.72) 

The  base  is  turned  t  t  om  '  ar  i  '  • : .  *  "i  t<  i|  Hyper  on-1"' !  and  the  '•>,»■<  ,  i  m 
was  press  fitt,  i  to  *  i.e  ''t.ter  hole . 

1  6  All  -  I  i-h  Rod  0.8  -.  • t .1 

The  pusn  r  o  i  *.i  ,'•>  hr  :  f  >  om  . ,  length  of  sr  1  i  1  •  ■  it  .a  ■  *  ej, .  'the 

portions  were  made  )  ■;  s'.iinle.ss  steel  sleeve:  wi.i  1 .  »  he,,*  .  :  : 

shrunk  o-.tr,  the  ‘ui.gste;.  r '  ,d . 
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2.2  COIL 


The  coil  was  wound  irom  It 24  double  formvar  insulated  wire  on  a  del r in  lorn 
configured  to  match  the  actuator  form  factor.  After  several  iterations,  w<- 
selected  a  coil  with  410  turns  total.  The  coil  was  potted,  one  layer  at  a 
time,  and  pressed  into  the  actuator.  The  fit  is  very  tight,  and  it  cannot 
be  removed  intact. 

2.3  ASSEMBLY 

The  electromagnetic  actuator  was  assembled  in  accordance  with  layout  draw¬ 
ing  687-10086  shown  in  Appendix  A.  First,  the  center  pin  was  press  fitted 

into  the  base.  The  cap  and  case  were  then  degreased  and  secured  to  the  armature  1 

and  the  base  with  loctite  retaining  compound  35.  Both  assemblies  then  required 

holes  to  be  drilled  at  the  joint  between  the  stainless  steel  and  the  Hvpereo- 

50.  This  was  done  in  a  jig  boring  machine.  The  loctite  joints  were  then 

broken,  by  heating  the  assemblies  in  an  oven  to  800*  F,  and  the  bottom  assembly, 

.along  with  the  armature,  was  sent  to  Carpenter  Steel  tor  the  proper  eond  i  t  ion  i  ng 
and  heat  treating,  to  generate  optimum  magnetic  properties.  The  cap  and  ease 
were  then  refastened,  and  the  2-56  holes  tapped  in  both. 

After  a  one  week  settling  period,  during  which  the  Hvperco-50  tended  to 
settle,  both  gap  surfaces  were  ground  flat,  and  the  device  was  assembled.  The 
gap  is  set  at  0.0042  inch  by  using  a  toolmaker's  microscope,  and  the  special 
tool  which  is  supplied.  Three  stops,  which  limit  armature  travel  to  0.0012 
inches  were  inserted  into  the  cap  at  a  later  time. 

The  major  actuator  components  are  shown  in  Figure  7,  and  the  assembled 
a i tuator  is  shown  in  Figures  8  and  9. 

2.4  ELECTRONICS 

The  objectives  of  the  amplifier  design  phase  were  to  construct  an  amplil ier 
which  could  be  used  to  drive  the  actuator  lor  proof  of  principal,  and  to  demon¬ 
strate  that  a  very  small  and  efficient  amplifier  was  feasible.  The  approach  , 

taken  was  to  design  and  build  a  linear  amplifier  to  use  for  test  purposes,  and 
to  design  a  switching  amplifier  as  a  parallel  effort.  The  class  B  linear  amp¬ 
lifier  should  have  an  efficiency  of  about  50/,  compared  to  better  than  90'  tor 
the  switching  device. 

2.4-1  (IASS  B  LINEAR  AMPLIFIER 

The  amplifier  schematic  is  shown  in  Figure  10.  The  design  employs  .  urrent 
feedback  from  resistors  R10  (.2  )  and  R4(1K:<)  back  to  the  low  power  level 
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op-amp.  (Al)  .  The  747  output  drive:;  the  cascaded  Dat  I  i  riyt'vi  transistot  , 

( ..’N22 )  lJ )  and  o  ( 2N<  1  -/>H)  .  The  I. it  ter  output  transistor  dtiv<s  the  jet  ;jtor, 
while  /.oner  diode  t’k.t  (1NM27A)  provide:;  voltage  protect  i  < for  the  nolle  ’<11 
junction  of  Q  .  T-.e  breadboard  amplifier  is  illustrated  in  Fiqure  11. 

2.4-2  SWITCHING  AMPLIFIER 

To  reduce  size,  weight,  and  power  consumption  a  switching  amplifier- 
design  was  undertaken.  It  is  shown  schematically  in  Figure  12. 

The  goal  of  high  efficiency  is  achieved  by  operating  the  Unitrode  PECF 1 
Darlington  power  device  in  either  full  ON  or  full  OFF  mode,  with  the  duty 
cylc  establishing  the  average  power.  The  actuator's  natural  inductance 
1  1  Iters  the  switching  carrier  current  to  an  acceptable  amount.  The  duty 
cycle  is  controlled  by  comparing  the  command  input  or  control  voltage  to  a 
triangle  input.  With  the  control  at  zero,  the  offset  potentiometer  R2  is 
adjusted  until  the  comparator  provides  a  1  Oh  duty  cycle  square  wave  to  the 
output  power  device.  As  the  control  voltage  increases  positively  the  duty 
cycle  increases  linearly  until  a  maximum  of  nearly  1001,  or  full  on  is 
obtained.  The  switching  amplifier  breadboard  is  shown  in  1'igure  13. 
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SPECIAL  TOOLING 


The  following  tools,  illustrated  in  Figure  14,  were  fabricated  as  aids 
in  assembling,  aligning  and  installing  the  actuator.  The  small  wrench  in 
the  lower  center  is  used  to  loosen  and  tighten  the  nuts  to  adjust  the  gap. 
The  long  thin  device  in  the  upper  right  engages  the  coarse  and  fine  preload 
adjustments,  and  the  large  tool  on  the  left  is  used  to  turn  the  actuator 
into  the  mirror. 


Jm 
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III.  TEST  PROCEDURE  AND  RESULTS 


1.1  MIRROR  CELL  TESTS 

The  first  test  performed  was  a  d i sp 1 acemen t/force  measurement  in  order  to 
determine  exactly  how  much  force  was  necessary  to  displace  the  mirror.  A  billet 
of  material  was  machined,  which  fit  into  the  test  cell,  and  Its  a  recess  which 
meshed  with  the  nipple  on  the  simulated  mirror  surface.  A  ca  ibrated  force 
gage  was  used  to  push  on  this  billet,  and  the  displacement  at  the  billet  was 

measured  with  a  dial  indicator.  It  was  determined  that  a  force  of  60  pounds 
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deflected  the  test  cell  surface  the  required  1.2  x  10  inches. 

5.2  ACTUATOR  FORCE  TEST 

The  initial  test  on  the  assembled  actuator  included  displacement,  and 
force  measurements.  The  maximum  available  force  is  determined  by  first  cali¬ 
brating  a  relatively  thick  spring,  by  measuring  its  displacement  due  to  a 
known  force,  and  the  displacement  as  a  function  of  current. 

Our  tests  were  first  made  without  the  push  rod  installed,  and  a  0.078  inch 
spring  which  had  previously  been  made  was  used.  This  was  the  thickest  HeCu 
spring  which  we  had  available.  The  actuator  was  assembled  and  aligned  with  .i 
gap  of  0.0032  incites,  and  it  was  determined  that  the  spring  constant  was  78,260 

lb/inch.  Current  was  then  applied,  and  the  highest  stable  displacement  obtain- 
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able  was  1.55  x  10  inches,  for  a  current  ot  1  ampere. 

78,260  lb/in  x  1.55  x  I0~3  in  =  121  lb  (121 

This  implies  that  the  device  was  capable  of  120  lb.  It  was  not  read i J  y  possible 
to  determine  if  larger  forces  could  be  realized,  since  a  thicker  spring  was  not 
available.  Also,  this  force  is  somewhat  greater  then  we  had  anticipated,  and 
is  certainly  very  adequate. 

We  then  determined  the  static  positional  hysteresis  of  the  device  In¬ 
setting  the  excitation  at  500  m i 1 1 i amperes ,  and  varying  the  i  tirront  so  that  wc 
obtained  this  value  of  current  by  monot on ira I  1 v  approaching  from  zero  or  one 
ampere.  Using  a  B&S  electronic  dial  indicator,  wc  estimated  that  the  hysteresis, 
again  without  the  push  rod,  was  between  7  and  25  x  10  inches  -  or  0.18  to  .66 
micrometers.  This  estimate  is  of  questionable  valid /tv,  since  t he  spring  is 
substantially  thicker  t  ban  the  final  spring,  and  it  was  verv  cl  i  i  limit  to 
repeat  the  current  accurately. 


With  the  assurance  that  the  actuator  had  ample  force  capability,  the  push 
rod  was  then  installed,  and  the  mirror  test  cell  was  used  to  simulate  the 
actual  mirror  surface. 

3.3  ELECTRICAL  TESTING 

Electrical  tests  were  performed  with  both  amplifiers  with  a  dummv  lead. 
The  dummy  load  was  established  from  sinusoidal  measurement  of  actuator  impe¬ 
dance  characteristics.  The  resulting  model  is  shown  in  Figure  15. 


R  LO-K) 


R  =  resistance  due  to  copper  losses  (0.f>7  ohm) 

L  =  open  circuit  inductance  (12.7  ml!) 

L(l-K)  =  leakage  inductance  (0.38  mil) 

Kl.  =  magnetizing  inductance  (12.1  mli) 

Lj  =  hysteresis  inductance  (.29  mil) 

R  =  resistance  due  to  eddv  currents  (772  ohm) 

e 

Figure-  13.  Electrical  Actuator  Model 
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Static  tests  on  both  amplifiers  were  performed.  DC  actuator  current 
versus  input  voltage  was  measured  and  resulted  in  the  plots  in  Figure  lb.  For 
the  switching  amplifier  it  is  noted  that  one  ampere  of  d.c.  current  prevails 
with  no  input.  Th.s  is  due  to  the  bias  and  adjustment  for  a  ten  percent  duty 
cycle.  If  the  switching  amplifier  characteristic  is  translated  down  by  one 
ampere  it  is  obvious  that  this  linearity  is  inferior  to  the  class  B  amplifier. 

The  class  B  amplifier  was  tested  dynamically  with  square  wave  and  sinu¬ 
soidal  input  waveforms.  The  square  wave  tests  were  performed  from  10Hz  to  1kHz 
with  peak  currents  ranging  from  0.25  amp  to  '3.5  amperes.  Some  ot  these  results 
are  shown  in  the  oscilloscope  traces  of  Figure  17.  Frequency  responses  for 
both  amplifiers  are  shown  in  Figure  18. 

3.4  TEMPERATURE  TESTS 

The  ampl i f ier  was  environmental  1 y  temperature  tested  at  maximum  power  and 
frequency.  The  actuator  current  was  set  at  a  peak  current  of  1.7  ampere  using 
the  class  B  amplifier  at  a  frequency  of  150Hz.  The  current  stayed  constant  for 
10°F  interval  temperature  rises  up  to  1 1 3 ° F  (45°C).  The  maximum  temperature  el 
the  actuator  case  reached  b8”c  while  the  amplifier  heat  sink  rose  t«  j j"t;  at 
room  ambient  (27°C). 

3.5  PKKFORMANCF  TESTS  IN  AFW1.  TEST  CKl.l. 

The  push  rod  was  then  installed  in  place,  and  the  bottom  flexure  adjusted 
to  a  slight  preload.  The  actuator  was  tightened  into  the  test  cell,  and  the 
tests  were  repeated.  Full  deflection  ot  1.2  mill! inches  was  noted  with  a  drive 
current  ol  1.5  amperes,  and  the  hysteresis  was  consistent  with  previous  results. 
Quantitative  data,  however,  was  not  taken  due  to  the  fact  that  the  performance 
was  noted  to  deteriorate  shortly  after  the  device  was  installed  in  the  test 
cell.  An  examination  ot  the  device  showed  that  t he  threads  on  the  push  rod 
were  the  mechanism  for  this  deterioration,  and  it  is  believed  that  the  higher 
than  anticipated  peak  force  was  a  contributing  factor.  When  the  flexures  were 
loosened,  the  play  in  tin  push  rod  threads  was  several  thousandths  of  an  liuh. 
Initially,  we  were  auie  to  compensate  for  this  play  bv  increasing  the  preload, 
but  this  finally  resulted  in  greater  deterioration.  Finally,  the  stroke  was 
limited  to  about  1/3  of  the  spec  value. 

J.h  IIS!  AT  AFW'I. 

The  static  tests  were  repeated  at  AFW'I  on  II  Sept  ember,  and  a  series  ot 
dvnami<  tests  were  run.  At  this  time,  the  threads  had  deteriorated  badly.  Due 
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Figure  16. 


Static  Inout/Output  Amplifier  Characteristics 


FREQUENCY  IN  HERTZ 


gure  18.  Frequency  Responses  for  Both  Drive  Amplifiers 
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Actuator  Drawings 
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Figure  A2 .  Post-Center 
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Figure  A9 .  Spring 


Figure  All.  Adj  -  Push  Rod 


